There have been great improvements in silicon solar cell voltage across the last 5 years. A great deal of the gains can be attributed to application of lighter phosphorus emitter diffusions which deliver higher cell voltages, combined with the complementary silver metallization pastes which can contact those emitters. As the voltages continue to increase over time, metal recombination losses become more important to understand. The surface doping, junction depth, and metal contact used are all factors in determining the metal recombination rate which covers a range of approximately 400-1500 fA/cm 2 for standard cases. Silver contact pastes modulate recombination by changing the way they etch the emitter surface, and semiconductor models indicate that the recombination rate can decrease to < 200 fA/cm 2 as metallization paste technology continues to improve.
Introduction
Industrial solar cell open-circuit voltages (Voc) have increased across the last 5 years, partly enabled by changes in silver paste technology starting in 2011 which could contact lighter, higher efficiency emitters [1] . As Voc continues to climb due to improved wafer lifetimes and improvements to the rear surface, the recombination loss at the screen printed metal contacts becomes increasing important to understand and control. Multiple factors modulate the recombination losses at the contact, and have different importance. The major factors investigate here are sheet resistance, surface doping density, junction depth, metal paste selection, and the firing process.
The metal-induced recombination rate (Jo.m) has been measured for a combination of metal pastes and phosphorus diffusion profiles. This study investigates the factors behind the loss, and then uses emitter recombination models to explain the recombination by emitter etching. This understanding allows us to propose fundamental limits to the expected recombination rates.
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Measurement of metal induced recombination J o.m
The test structure for measuring Jo.m is shown in Fig. 1 . The technique is reviewed only briefly here, with full detail available in Ref [2] . Multiple metal grids are printed on the surface of a single wafer -this ensures bulk doping and lifetime are the consistent across a measurement set, preventing external factors influencing cell voltage. No edge isolation is used near a grid as this can introduce extra recombination and non-idealities which must be avoided in order to cleanly assess the recombination from the silver contacts. Voc is measured using the Suns-Voc technique [3] and the two-diode model fit is used to determine the diode saturation current (Jo) values. It should be noted that there was no non-ideal recombination or shunt observed due to silver metallization in this work. The J sc must be known to estimate Jo accurately, and due to the lack of edge isolation it is not directly measured on these test structure. In this study, active area J sc was assessed on standard solar cells, and the J sc for each test grid was calculated from the measured shading. Other measurements such as spectral response could determine the J sc . . The Jo.m value is the sum of the slope and emitter recombination Jo.e [2] , which was determined from photoconductance lifetime tests [4] as 70 fA/cm 2 . This data set then delivers a Jo.m value of 530 fA/cm 2 . Due to the scatter in the data in Fig. 2b , the linear fit has a low R 2 of 0.8. This ultimately gives an uncertainty in Jo.m of +/-50 fA/cm 2 , as taken from the standard error of the fitted slope. The R 2 value from 0.8-0.9 is common and difficult to improve upon due to the inhomogeneities in recombination across a test wafer. 
Case studies of metal induced recombination
Using the technique described in section 2, Jo.m will be measured as a function of firing conditions, diffusion profiles, and different pastes. In some cases error bars will be explicitly shown, and in other cases the average number only will be used, with an approximately 10% uncertainly implied. A 10% uncertainty is enough for the analysis presented in this work, as the Jo.m values can vary by more than an order of magnitude in some cases.
Firing profile and non-metal induced recombination
A normal phosphorus diffused emitter was made on a p-type monocrystalline wafer, with sheet resistance of 80 /sq and Jo.e of 70 fA/cm 2 . A commercial silver paste was used for the front contact and an aluminum BSF paste was used on the rear of the wafer to form a high quality back surface field. Firing profile was varied to investigate the voltage losses observed from over-firing. The Jo fits are shown in Fig. 3a . The increase in metal induced recombination is ~60 fA/cm 2 for the hot firing recipe. Considering that <10% of the emitter area is contacted by the metal, we would expect that the contact recombination would cause < 6 fA/cm 2 of additional recombination in the solar cell. For a cell with 640mV open-circuit voltage, this Jo increase would degrade Voc by ~0.2mV. Interestingly, the intercept shown in Fig. 3c is also changing with firing temperature. This is unrelated to the front silver but is due to a change the base or the BSF (emitter recombination Jo.e does not change in this firing range). The intercept recombination increase of around 50 fA/cm 2 would cause ~2mV of Voc loss, an effect ten times larger than the change in front contact recombination -which is only a few percent contact area. The fact that the intercept and the slope can be de-coupled effectively is testament to the robustness of the method -the Jo.m value can be extracted irrespective of the wafer lifetime or BSF quality.
Emitter profile study: fixed sheet resistance
Lower emitter recombination is a path towards higher Voc and possibly improved blue response. Emitter recombination Jo.e can be improved by reducing the phosphorus concentration: this has the effects of reducing bandgap narrowing, reducing Auger recombination, and improving the surface recombination rate at the SiN interface [5] . Sheet resistance can be maintained for a lower doped emitter by using a deeper diffusion. Table 1 describes the properties of four different emitters with different surface doping levels, all with similar sheet resistances of 75 +/-5 /sq. The Jo.e and implied Voc shown in Table 1 are the values from the lifetime test for a symmetrical test wafer with diffused emitters on both sides. A normal solar cell has a 20-30mV lower Voc than the implied value due to the high recombination in the BSF layer. Jo.m was measured for multiple different silver pastes on the different emitters from table 1. These values are shown in Fig. 4a , showing that as the emitter recombination is reduced, the recombination due to the metal also improves by around a factor of 2. Fig. 4b is a modelling result for a high Voc solar cell, showing how the Voc depends on the Jo.e and Jo.m. Quokka [6] modelling software was used to generate this result. The primary assumptions were high bulk lifetime of 300us, low rear Jo similar to that of a PERC cell, and a metal finger of 50um width printed on a pitch of 1.5mm (giving a contact area of around 3%). Jo.e and Jo.m are both important factors in determining the final cell Voc. On the 100 fA emitter, the highest Jo.m value measured is ~1000 fA/cm 2 , and delivers a Voc of ~648mV in the model. The lowest recombination from Fig. 4a is the 50 fA emitter with Jo.m value of 370 fA/cm 2 , which would give Voc to 653mV according to the model, a 4mV improvement. Around 25% of the improvement is attributed to the reduction in metal induced recombination. 
Emitter profile study: variable sheet resistance
Considering that Fig 4. a demonstrates that the doping profile modulates Jo.m for one sheet resistance, the study is expanded to investigate very different sheet resistance values on industry-type emitters. Sheet resistance is varied by changing surface doping level and junction depth together. Three example profiles will be investigated and will be referred to as "multi", "shallow", and "mono". A profile for multicrystalline silicon would be approximately 95 /sq, and has a relatively high surface concentration of 4x10 20 cm -3 as the multicrystalline substrates require high phosphorus concentration for impurity gettering [7] . A shallower version of this multi-style emitter with 130 /sq has potential for higher current through an improved blue response. Monocrystalline silicon does not require impurity gettering like a multicrystalline substrate, so does not have the heavy-doping constraint. A mono profile is therefore lighter-doped with surface concentration 2x10 20 cm -3 and in this case a sheet resistance of 85 /sq. This lighter doping delivers Jo.e advantages as described in section 3.2 above. The measured values of Jo.m for four silver pastes on these profiles are shown in Fig. 5 . The four pastes A-D are commercially available screen-printing pastes, with the primary difference being the glass frit chemistry.
We can see the dramatic increase in Jo.m as the emitter becomes shallower and Rsheet increases. Such a shallow emitter has potential for improved short-circuited current, but will clearly come with voltage challenges from Jo.m recombination -although silver paste selection has a large effect on the absolute value. The deeper profile used for mono wafers has a lower Jo.m. The trends by paste are consistent across all profiles: pastes A and B have similar and highest Jo.m, paste C is an improvement, and paste D is the lowest Jo.m. The fact that the ranking is the same implies that the pastes differ in the amount of recombination they cause (no matter the diffusion profile), and warrants further investigation. 
Emitter recombination model: silicon etching
Metal recombination models in the past have shown that high rates of recombination can be attributed to metal over-etching the SiN layer and etching away some of the underlying silicon emitter [8, 9] . EDNA modelling software [10] is capable of simulating surface recombination values effectively, as long as SRH lifetime is adjusted according to doping concentration [8] . The software can also be used estimate metal induced recombination values for different doping profiles assuming the surface recombination rate increases to the limit of 1x10 7 cm/s which simulates the value expected for metal on unpassivated, bare silicon [8] . These models have been reproduced here to simulate the recombination levels expected from different emitter profiles as a function of over-etching during firing. The results are shown in Fig. 6 for emitter etch depths of up to 50nm -a considerable over-etch as the SiN thickness is typically 75 nm. The model informs us that the shallow profile is expected to have higher recombination than the multi profile. The mono profile has a different shape and slope, and lower expected recombination values for larger etch depths. The different slope of the Jo.m curve for the mono profile can be explained by the lower doped and deeper phosphorus diffusion: the doping profile and sheet resistance change slowly by the etch process. In contrast, the shallow and heavily doped multi-type profiles have a larger doping gradient near the surface and rapidly changing sheet resistance and doping profile with surface etching. To understand the differences in the recombination of the different pastes measured in Fig. 5 , the paste code is shown on each curve at the corresponding Jo.m value. Paste A and B range in Jo.m from ~800-5000 fA depending on the doping profile, and this corresponds to a Jo.m one would expect for a 30-35nm etch. Paste C has lower recombination rate, and is well described as a ~25-30nm etch. Paste D was the lowest recombination rate and can be explained as the least etching, with 15-20nm depth.
Further examining the model data in Fig. 6 shows us that lower Jo.m values should be achievable if there is less emitter etching. The mono profile is expected to have a minimum Jo.m of ~200 fA/cm 2 when there is no etching at all (i.e.: the contact paste fires through the SiN and stops on the Si interface). The multi and shallow profile have a higher Jo.m than the mono in today's etching range > 15nm, but are expected to be lower as the etch depth tends to zero, with the multi profile ultimately obtaining a low Jo.m of <150 fA/cm 2 .
Summary
Metal recombination can be a significant loss mechanism in the industrial solar cells of today, from multi to PERC cells on monocrystalline wafers, with open-circuit voltages in the range of 630-660 mV. Metal recombination rates have been assessed for different process conditions, emitter profiles, sheet resistances, and silver contact pastes. Depending on the combination of factors investigated, the Jo.m value varies by an order of magnitude from ~400-4000 fA/cm 2 . Using semiconductor physics models for surface recombination, different pastes have be characterized by an effective etch depth, with the implication that standard pastes today for contacting phosphorus diffused emitters are etching around 15-35nm of surface from the silicon emitter. By developing pastes which etch into the emitter less, Jo.m values are expected to improve to levels <200 fA/cm 2 . The lowest levels of metal recombination are expected for surfaces with high phosphorus doping, but these are generally bad for emitter recombination. For optimum performance, the diffusion and cell process must be designed with a trade-off between emitter and metal recombination in mind.
